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Abstract. Paired box 8 (PAX8) mutations are an established genetic cause of congenital hypothyroidism (CH). 
The majority of these mutations are found in the protein-coding exons of the gene. The proband, a 3-yr-old girl, had 
tetralogy of Fallot and polydactyly soon after birth. She was diagnosed with CH in the newborn screening for CH. 
She had a high serum TSH level (239 mU/L) and low free T4 level (0.7 ng/dL). Ultrasonography revealed thyroid 
hypoplasia. We performed array comparative genomic hybridization because the patient exhibited a variety of 
symptoms across multiple organ systems. The analysis revealed a novel heterozygous deletion that spanned a 15.2 
Mb region in 2q12.3q14.3 (GRCh37; chr2:109,568,260–124,779,449). There were 71 protein-coding genes in this 
region, including two genes (PAX8 and GLI2) associated with congenital endocrine disorders. The common clinical 
features of the two previously reported patients with a total PAX8 deletion and our case were CH, short stature and 
intellectual disability, but the severity of hypothyroidism and other clinical features were variable. In conclusion, 
we describe a syndromic CH patient with a novel 2q12.3q14.3 deletion involving PAX8. Patients with CH, whose 
unifying diagnosis is not obvious, could have a genomic deletion involving PAX8.
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Highlights

● We report the identification and clinical characterization of a Japanese patient with CH who had 
a novel deletion involving PAX8.

● Patients with CH whose unifying diagnosis is not obvious could have a genomic deletion involving 
PAX8.
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Introduction

Congenital hypothyroidism (CH) is the most 
common congenital endocrine disorder, affecting 
approximately 1 in 3,000–4,000 newborns (1). Thyroid 
hormone deficiency in infancy leads to irreversible 
intellectual disability but can be prevented by early 
diagnosis and treatment. Patients with CH can be 
classified into two major types, including patients with 
reduced thyroid tissue volume (thyroid dysplasia) and 
ones with goiter (thyroid dyshormonogenesis). The most 
common genetic form of thyroid dysgenesis is a genetic 
defect in the thyroid-specific transcription factor paired 
box 8 (PAX8). PAX8 is a member of the PAX gene family 
and is characterized by the presence of a DNA-binding 
paired domain at the N-terminus. In mice and humans, 
Pax8/PAX8 is expressed in the thyroid from the prenatal 
period to adulthood (2). Homozygous Pax8-knockout 
mice exhibit thyroid hypoplasia due to the abnormal 
proliferation and survival of thyroid precursor cells (3). 
To date, CH due to heterozygous loss-of-function PAX8 
mutations has been reported in 35 unrelated families 
with a total of 25 intragenic mutations (4–25) and two 
sporadic patients with total gene deletions (26, 27). 
Many patients with intragenic PAX8 mutations had 
a hypoplastic thyroid. Meanwhile, the clinical features 
of patients with total PAX8 deletion are still poorly 
understood due to the limited number of cases. Here, 
we report the identification and clinical characterization 
of a Japanese patient with CH who had a novel deletion 
involving PAX8.

Case Report

The patient, a 3-yr-old girl, was born at 37 wk of 
gestation after an uneventful term pregnancy. Family 
history was non-contributory. Her birth weight was 
2,712 g and length was 46.1 cm. Soon after the birth, she 
was noticed to have polydactyly of the left little finger but 
had no craniofacial anomalies. She had a heart murmur 
and was admitted to the Kurume University Hospital at 
the age of 7 d. She was diagnosed with tetralogy of Fallot, 
which was surgically corrected at the age of 3 yr. She also 
had a high blood-spot TSH level (> 80 mU/L; cutoff level, 
10) at newborn screening for CH, and was consulted to 
pediatric endocrinologists at the age of 14 d. She had 
a high serum TSH level (239 mU/L; reference 1.7–9.1), 
a low serum free T4 level (0.7 ng/dL; reference 0.9–2.3) 
and a high serum thyroglobulin (Tg) level (716 ng/mL; 
reference 3.8–56). She had hypotonia but no other CH-
related manifestations, such as constipation, poor feeding 
and persistent jaundice, were noted. She was diagnosed 
with primary CH, and levothyroxine (L-T4) replacement 
therapy was started at 13 µg/kg/d after the diagnosis. 
Ultrasonography was performed at the age of 1 mo with 
receiving L-T4 therapy. Thyroid ultrasonography showed 
a normoechoic small thyroid gland (thyroid width, –4.0 
SD) (28). Her kidneys were normal in size, structure 
and location. Brain magnetic resonance imaging (MRI) 

showed that the brain, including the hypothalamus and 
pituitary, was anatomically normal.

At the age of 11 mo, she had short stature (65.9 
cm, –2.6 SD) and normal weight (7.8 kg, –0.4 SD) (Fig. 
1). Her serum IGF-1 level was 33 ng/mL (age- and sex-
specific reference interval, 15–154 ng/mL).

Her target height was 154 cm (–0.8 SD). She 
had moderate developmental delay: held her head up 
at the age of 5 mo, walked alone at the age of 1.9 yr, 
and used two-word sentences at the age of 3.3 yr. She 
had recurrent febrile and afebrile seizures since the 
age of 1 yr and was diagnosed with epilepsy based on 
abnormal electroencephalogram findings at the age of 
3.3 yr. Levetiracetam was started to treat the epilepsy 
after diagnosis.

At the last clinical visit (age: 3.8 yr), she had a short 
stature (88.6 cm, –2.3 SD) with normal weight (13.3 
kg, –0.4 SD) (Fig. 1). Her parents had normal stature 
(father: 163 cm, –1.4 SD; mother: 158 cm, –0.1 SD), and 
the target height of the patient was 154 cm (–0.8 SD). 
Considering the genetic potential, the short stature of 
the patient did not seem to be pathological. She was in 
biochemical euthyroidism with 3.0 μg/kg/d of L-T4. She 
did not have CH-related symptoms such as constipation, 
poor activity and poor weight gain.

Chromosome Analysis

G-banding analysis was performed using 
lymphocyte metaphase spreads (SRL, Inc., Tokyo, 
Japan). The analysis revealed an interstitial deletion 
involving long arm of chromosome 2, with a karyotype 
of 46,XX, del(2)(q12q14.2).

To completely evaluate the deleted region, we 
performed array comparative genomic hybridization 
(aCGH) analysis. Written informed consent was obtained 
from the parents of the patient, and the study protocol 
was approved by the ethics committee of the National 
Center for Child Health and Development (approval 
number: 553). Genomic DNA samples were obtained 
from peripheral leukocytes of the patient and subjected 
to oligonucleotide aCGH using a catalog microarray 
(SurePrint G3 Human CGH Microarray 4×180K; Agilent 
Technologies, Santa Clara, CA, USA). We confirmed the 
presence of a heterozygous deletion that spanned a 15.2 
Mb region in 2q12.3q14.3 (GRCh37; chr2:109,568,260–
124,779,449; Fig. 2A). Identical deletions have not been 
reported in the literature and are absent in the Database 
of Genomic Variants (http://dgv.tcag.ca/).

Discussion

In the present report, we describe a syndromic CH 
patient with 15.2 Mb interstitial deletion at 2q12.3q14.3. 
The deletion in our patient partially overlapped with 
that of two previous cases with a total PAX8 deletion 
(Fig. 2B; previous case 1 (26) and previous case 2 (27)). 
The common deleted region of the two previous cases 
and ours spanned 10.8 Mb. Shared features of the three 
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cases were CH, short stature and intellectual disability 
(Table 1). Previous case 1 had moderate gross motor 
retardation with sitting alone at age 12 mo and walked 
alone at age 2.6 yr. Previous case 2 was reported to 
have mild intellectual disability, although detailed 
information on developmental milestone achievement 
was not available. In addition to CH, short stature, and 
intellectual disability, our patient had tetralogy of Fallot 
and polydactyly but did not have facial anomalies. Facial 
anomalies (e.g., deep-set eyes and bulbous nose) and 
clinodactyly were noted in Previous case 1. Previous case 
2 had facial anomalies, including bilateral epicanthus 
and an atrial septal defect. The both of the two previous 
patients were female and had uterine agenesis and 
atresia of the upper portion of the vagina with normal 
fallopian tubes.

The deleted region in our patient included the 
1.3-Mb common deleted region of 2q13 microdeletion 
syndrome (GRCh37; chr2:111,449,141–112,746,937) (29) 

(Fig. 2B). The features of 2q13 microdeletion syndrome 
include intellectual disability, facial anomalies (e.g., 
hypertelorism and a flat nasal bridge), congenital heart 
defects, hypotonia and macrocephaly/microcephaly. 
The severity of intellectual disability varies from mild 
learning difficulty to moderate gross motor retardation. 
The correlation between the location/size of the deletion 
and clinical phenotypes in this syndrome remains to be 
elucidated.

The deletion in our case involves 71 protein-
coding genes. Among the genes, autosomal dominant 
inheritance has been documented for PAX8 and GLI2. 
We presume that these two genes could be responsible 
for the patient phenotypes. To the best of our knowledge, 
CH has never been reported in patients with the 2q13 
microdeletion syndrome. This is probably because PAX8 
and putative distal enhancer(s) regulating its expression 
are not included in the commonly deleted region of the 
syndrome (Fig. 2B). The thyroid gland of our patient 

Fig. 1. Growth charts of the patient. The height and weight data of the patient are plotted on the Japanese standard 
growth charts for healthy Japanese girls in 2000. The upper chart shows height, and the lower chart shows weight. 
The curves depict +2.0 SD, +1.0 SD, Mean, –1.0 SD, –2.0 SD, –2.5 SD, and –3.0 SD of stature values.
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was hypoplastic. In the two previous cases with PAX8 
deletion, one had a normal-sized thyroid gland, while 
the other had thyroid hypoplasia (26, 27). Among the 
patients with an intragenic PAX8 mutation, thyroid 
hypoplasia has been observed in approximately 75% of 

evaluated cases. Collectively, the thyroid phenotype of 
CH due to total PAX8 deletions is not necessarily more 
severe than that due to intragenic PAX8 mutations. 
Previous case 1 and 2 had uterine agenesis and atresia 
of the upper portion of the vagina with normal fallopian 

Fig. 2. A: Array-based comparative genomic hybridization showing 15.2 Mb heterozygous copy number variation (CNV) 
on chromosome 2. The green and red dots denote decreased (log ratio ≤ −0.8) and increased (log ratio ≥ + 0.4) copy 
numbers, respectively. B: Schematic diagram of the deleted region of patients with total PAX8 deletion. The bottom 
part of the figure shows the most common deleted region of 2q13 microdeletion syndrome. The locations of two 
genes (PAX8 and GLI2) are shown at the top of the figure.

Table 1. Clinical characteristics of total PAX8 deletion and 2q13 microdeletion

Present case Previous case 1 (26) Previous case 2 (27) 2q13 microdeletion 
syndrome (29)

Deleted region in chr 2 
(GRCh37)

109,568,260–124,779,449 111,548,932–122,336,492 105,953,541–115,801,155 111,442,130– 113,007,823*

Sex Female Female Female Male, female

Short stature Present
Height SDS –2.3 (3 yr)

Present
Height SDS –2.1 (12 yr)

Present
Height data NA

Absent

Developmental delay Moderate gross motor 
retardation

Moderate gross motor 
retardation

Mild intellectual disability Variable (mild learning 
difficulty to moderate 
gross motor retardation)

Neurological findings Hypotonia
Epilepsy

Hypotonia NA Hypotonia

CH Present
Thyroid hypoplasia

Present
Normal-sized thyroid

Present
Thyroid hypoplasia

Absent

Other features Tetralogy of Fallot
Polydactyly

Aplasia of uterus and 
vagina

Clinodactyly
Facial anomalies

Aplasia of uterus and 
vagina

Atrial septal defect
Facial anomalies

Congenital heart defects
Macrocephaly or 

microcephaly
Facial anomalies

* Common deleted regions. CH, congenital hypothyroidism; NA, not available.
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tubes. Although there are no reports of patients with 
intragenic PAX8 mutations exhibiting these symptoms, 
genetically engineered Pax8-knockout female mice have 
abnormalities in Müllerian duct-derived tissues, such as 
atresia of the uterus, vaginal opening, and impairment 
of the oviducts (30). Therefore, it is possible that the 
uterine and vaginal abnormalities in previous two cases 
may be due to the deletion of PAX8. The patient in this 
report should also be examined for uterine and vaginal 
abnormalities before puberty.

GLI2 encodes GLI Family Zinc Finger 2, which is 
a major effector protein of the sonic hedgehog pathway 
and plays a key role in development of the pituitary gland 
(31). Heterozygous loss-of-function GLI2 mutations have 
been reported to cause pituitary anomalies (e.g., ectopic 
posterior pituitary and anterior pituitary hypoplasia with 
or without hypopituitarism), polydactyly, and craniofacial 
anomalies. Our patient had normal brain morphology 
with no craniofacial anomalies but had polydactyly and 
short stature with normal serum IGF-1 levels. GLI2 was 
also deleted in Previous case 1, who had normal anterior 
pituitary gland function and no craniofacial anomalies 
but had clinodactyly and short stature. Genomic deletions 
encompassing GLI2 have been reported in nine patients 
(26, 32–40), and their typical phenotypes were short 
stature, polydactyly and intellectual disability. Anterior 
pituitary gland functions were evaluated in five patients: 
one had panhypopituitarism, but the others had normal 
anterior pituitary gland function although they had short 
stature. MRI was performed in four patients, and all of 

them had anatomical abnormalities, including ectopic 
posterior pituitary, anterior pituitary hypoplasia and 
agenesis of corpus callosum. Holoprosencephaly was not 
observed in any of the four patients. Serum IGF-1 levels 
were measured in three patients, and two had normal 
levels. The phenotypes due to total GLI2 deletion seem 
to be diverse. The short stature observed in carriers of 
total GLI2 deletion is not necessarily to be accompanied 
by low serum IGF-1 levels. Our patient had short stature 
with normal serum IGF-1 levels and brain MRI findings. 
In our patient, appropriate follow-up of anterior pituitary 
function was required. Previous case 2 did not have GLI2 
deletion but had the Xp22.33 microdeletion involving 
SHOX. The short stature in Previous case 2 may be due 
to the SHOX haploinsufficiency.

In summary, we report on the third case of 
2q12.3q14.3 deletion involving PAX8 as a gene associated 
with CH. In CH patients with multiple congenital 
anomalies, whose unifying diagnosis is not obvious, 
chromosome structure mutations involving PAX8 should 
be suspected.

Conflict of interests: The authors have none to 
declare.

Acknowledgements

We thank Ms. Sue Kaori (Department of Molecular 
Endocrinology, National Research Institute for Child 
Health and Development) for her technical assistance.

References

 1. Deladoëy J, Bélanger N, Van Vliet G. Random variability in congenital hypothyroidism from thyroid dysgenesis over 16 
years in Québec. J Clin Endocrinol Metab 2007;92: 3158–61. [Medline]  [CrossRef]

 2. Plachov D, Chowdhury K, Walther C, Simon D, Guenet JL, Gruss P. Pax8, a murine paired box gene expressed in the 
developing excretory system and thyroid gland. Development 1990;110: 643–51. [Medline]  [CrossRef]

	 3.	 Kozmik	Z,	Kurzbauer	R,	Dörfler	P,	Busslinger	M.	Alternative	splicing	of	Pax-8	gene	transcripts	is	developmentally	
regulated	and	generates	isoforms	with	different	transactivation	properties.	Mol	Cell	Biol	1993;13:	6024–35.	[Medline]

	 4.	 Narumi	S,	Muroya	K,	Asakura	Y,	Adachi	M,	Hasegawa	T.	Transcription	factor	mutations	and	congenital	hypothyroidism:	
systematic	genetic	screening	of	a	population-based	cohort	of	Japanese	patients.	J	Clin	Endocrinol	Metab	2010;95:	1981–5.	
[Medline]  [CrossRef]

	 5.	 Ramos	HE,	Carré	A,	Chevrier	L,	Szinnai	G,	Tron	E,	Cerqueira	TL,	et al. Extreme phenotypic variability of thyroid dysgenesis 
in	six	new	cases	of	congenital	hypothyroidism	due	to	PAX8	gene	loss-of-function	mutations.	Eur	J	Endocrinol	2014;171:	
499–507. [Medline]  [CrossRef]

	 6.	 Macchia	PE,	Lapi	P,	Krude	H,	Pirro	MT,	Missero	C,	Chiovato	L,	et al.	PAX8	mutations	associated	with	congenital	
hypothyroidism caused by thyroid dysgenesis. Nat Genet 1998;19: 83–6. [Medline]  [CrossRef]

	 7.	 Congdon	T,	Nguyen	LQ,	Nogueira	CR,	Habiby	RL,	Medeiros-Neto	G,	Kopp	P.	A	novel	mutation	(Q40P)	in	PAX8	associated	
with congenital hypothyroidism and thyroid hypoplasia: evidence for phenotypic variability in mother and child. J Clin 
Endocrinol Metab 2001;86: 3962–7. [Medline]  [CrossRef]

	 8.	 Vilain	C,	Rydlewski	C,	Duprez	L,	Heinrichs	C,	Abramowicz	M,	Malvaux	P,	et al.	Autosomal	dominant	transmission	
of	congenital	thyroid	hypoplasia	due	to	loss-of-function	mutation	of	PAX8.	J	Clin	Endocrinol	Metab	2001;86:	234–8.	
[Medline]

	 9.	 de	Sanctis	L,	Corrias	A,	Romagnolo	D,	Di	Palma	T,	Biava	A,	Borgarello	G,	et al.	Familial	PAX8	small	deletion	
(c.989_992delACCC)	associated	with	extreme	phenotype	variability.	J	Clin	Endocrinol	Metab	2004;89:	5669–74.	[Medline]  
[CrossRef]

	10.	 Meeus	L,	Gilbert	B,	Rydlewski	C,	Parma	J,	Roussie	AL,	Abramowicz	M,	et al. Characterization of a novel loss of function 
mutation	of	PAX8	in	a	familial	case	of	congenital	hypothyroidism	with	in-place,	normal-sized	thyroid.	J	Clin	Endocrinol	
Metab 2004;89: 4285–91. [Medline]  [CrossRef]

Clin Pediatr Endocrinol

http://www.ncbi.nlm.nih.gov/pubmed/17504897?dopt=Abstract
http://dx.doi.org/10.1210/jc.2007-0527
http://www.ncbi.nlm.nih.gov/pubmed/1723950?dopt=Abstract
http://dx.doi.org/10.1242/dev.110.2.643
http://www.ncbi.nlm.nih.gov/pubmed/8413205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20157192?dopt=Abstract
http://dx.doi.org/10.1210/jc.2009-2373
http://www.ncbi.nlm.nih.gov/pubmed/25214233?dopt=Abstract
http://dx.doi.org/10.1530/EJE-13-1006
http://www.ncbi.nlm.nih.gov/pubmed/9590296?dopt=Abstract
http://dx.doi.org/10.1038/ng0598-83
http://www.ncbi.nlm.nih.gov/pubmed/11502839?dopt=Abstract
http://dx.doi.org/10.1210/jcem.86.8.7765
http://www.ncbi.nlm.nih.gov/pubmed/11232006?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15531527?dopt=Abstract
http://dx.doi.org/10.1210/jc.2004-0398
http://www.ncbi.nlm.nih.gov/pubmed/15356023?dopt=Abstract
http://dx.doi.org/10.1210/jc.2004-0166


Iwahashi-Odano et al.

70

doi: 10.1297/cpe.32.2022-0061

	11.	 Grasberger	H,	Ringkananont	U,	Lefrancois	P,	Abramowicz	M,	Vassart	G,	Refetoff	S.	Thyroid	transcription	factor	1	
rescues	PAX8/p300	synergism	impaired	by	a	natural	PAX8	paired	domain	mutation	with	dominant	negative	activity.	Mol	
Endocrinol 2005;19: 1779–91. [Medline]  [CrossRef]

	12.	 Al	Taji	E,	Biebermann	H,	Límanová	Z,	Hníková	O,	Zikmund	J,	Dame	C,	et al. Screening for mutations in transcription 
factors	in	a	Czech	cohort	of	170	patients	with	congenital	and	early-onset	hypothyroidism:	identification	of	a	novel	PAX8	
mutation	in	dominantly	inherited	early-onset	non-autoimmune	hypothyroidism.	Eur	J	Endocrinol	2007;156:	521–9.	
[Medline]  [CrossRef]

	13.	 Di	Palma	T,	Zampella	E,	Filippone	MG,	Macchia	PE,	Ris-Stalpers	C,	de	Vroede	M,	et al. Characterization of a novel 
loss-of-function	mutation	of	PAX8	associated	with	congenital	hypothyroidism.	Clin	Endocrinol	(Oxf)	2010;73:	808–14.	
[Medline]  [CrossRef]

	14.	 Jo	W,	Ishizu	K,	Fujieda	K,	Tajima	T.	Congenital	hypothyroidism	caused	by	a	PAX8	gene	mutation	manifested	as	sodium/
Iodide	symporter	gene	defect.	J	Thyroid	Res	2010;2010:	619013.	[Medline]  [CrossRef]

	15.	 Narumi	S,	Yoshida	A,	Muroya	K,	Asakura	Y,	Adachi	M,	Fukuzawa	R,	et al.	PAX8	mutation	disturbing	thyroid	follicular	
growth: a case report. J Clin Endocrinol Metab 2011;96: E2039–44. [Medline]  [CrossRef]

	16.	 Narumi	S,	Araki	S,	Hori	N,	Muroya	K,	Yamamoto	Y,	Asakura	Y,	et al.	Functional	characterization	of	four	novel	PAX8	
mutations	causing	congenital	hypothyroidism:	new	evidence	for	haploinsufficiency	as	a	disease	mechanism.	Eur	J	Endocrinol	
2012;167: 625–32. [Medline]  [CrossRef]

	17.	 Carvalho	A,	Hermanns	P,	Rodrigues	AL,	Sousa	I,	Anselmo	J,	Bikker	H,	et al.	A	new	PAX8	mutation	causing	congenital	
hypothyroidism	in	three	generations	of	a	family	is	associated	with	abnormalities	in	the	urogenital	tract.	Thyroid	2013;23:	
1074–8. [Medline]  [CrossRef]

	18.	 Hermanns	P,	Grasberger	H,	Cohen	R,	Freiberg	C,	Dörr	HG,	Refetoff	S,	et al.	Two	cases	of	thyroid	dysgenesis	caused	
by	different	novel	PAX8	mutations	in	the	DNA-binding	region:	in	vitro	studies	reveal	different	pathogenic	mechanisms.	
Thyroid	2013;23:	791–6.	[Medline]  [CrossRef]

	19.	 Zou	H,	Chai	J,	Liu	S,	Zang	H,	Yu	X,	Tian	L,	et al.	A	De	novo	PAX8	mutation	in	a	Chinese	child	with	congenital	thyroid	
dysgenesis. Int J Clin Exp Pathol 2015;8: 11434–9. [Medline]

	20.	 Löf	C,	Patyra	K,	Kuulasmaa	T,	Vangipurapu	J,	Undeutsch	H,	Jaeschke	H,	et al. Detection of novel gene variants associated 
with	congenital	hypothyroidism	in	a	finnish	patient	cohort.	Thyroid	2016;26:	1215–24.	[Medline]  [CrossRef]

	21.	 Srichomkwun	P,	Admoni	O,	Refetoff	S,	de	Vries	L.	A	novel	mutation	(S54C)	of	the	PAX8	gene	in	a	family	with	congenital	
hypothyroidism	and	a	high	proportion	of	affected	individuals.	Horm	Res	Paediatr	2016;86:	137–42.	[Medline]  [CrossRef]

	22.	 Qian	F,	Li	GY,	Wu	XJ,	Jia	Q,	Lyu	GT,	Wang	ML,	et al.	Novel	non-synonymous	mutations	of	PAX8	in	a	cohort	of	Chinese	
with	congenital	hypothyroidism.	Chin	Med	J	(Engl)	2019;132:	1322–7.	[Medline]  [CrossRef]

	23.	 Komatsu	M,	Takahashi	T,	Takahashi	I,	Nakamura	M,	Takahashi	I,	Takada	G.	Thyroid	dysgenesis	caused	by	PAX8	mutation:	
the hypermutability with CpG dinucleotides at codon 31. J Pediatr 2001;139: 597–9. [Medline]  [CrossRef]

	24.	 Iwahashi-Odano	M,	Fujisawa	Y,	Ogata	T,	Nakashima	S,	Muramatsu	M,	Narumi	S.	Identification	and	functional	characterization	
of a novel PAX8	mutation	(p.His39Pro)	causing	familial	thyroid	hypoplasia.	Clin	Pediatr	Endocrinol	2020;29:	173–8.	
[Medline]  [CrossRef]

	25.	 Iwahashi-Odano	M,	Nagasaki	K,	Fukami	M,	Nishioka	J,	Yatsuga	S,	Asakura	Y,	et al. Congenital hypothyroidism due to 
truncating	PAX8	mutations:	a	case	series	and	molecular	function	studies.	J	Clin	Endocrinol	Metab	2020;105:	11.	[Medline]  
[CrossRef]

	26.	 Ma	D,	Marion	R,	Punjabi	NP,	Pereira	E,	Samanich	J,	Agarwal	C,	et al.	A	de	novo	10.79	Mb	interstitial	deletion	at	2q13q14.2	
involving	PAX8	causing	hypothyroidism	and	mullerian	agenesis:	a	novel	case	report	and	literature	review.	Mol	Cytogenet	
2014;7: 85. [Medline]  [CrossRef]

	27.	 Smol	T,	Ribero-Karrouz	W,	Edery	P,	Gorduza	DB,	Catteau-Jonard	S,	Manouvrier-Hanu	S,	et al.	Mayer-Rokitansky-Künster-
Hauser	syndrome	due	to	2q12.1q14.1	deletion:	PAX8	the	causing	gene?	Eur	J	Med	Genet	2020;63:	103812.	[Medline]  
[CrossRef]

	28.	 Ohnishi	H,	Inomata	H,	Watanabe	T,	Wataki	K,	Sato	H,	Sanayama	K,	et al. Clinical utility of thyroid ultrasonography in 
the diagnosis of congenital hypothyroidism. Endocr J 2002;49: 293–7. [Medline]  [CrossRef]

	29.	 Hladilkova	E,	Barøy	T,	Fannemel	M,	Vallova	V,	Misceo	D,	Bryn	V,	et al.	A	recurrent	deletion	on	chromosome	2q13	is	
associated with developmental delay and mild facial dysmorphisms. Mol Cytogenet 2015;8: 57. [Medline]  [CrossRef]

	30.	 Friedrichsen	S,	Christ	S,	Heuer	H,	Schäfer	MK,	Parlow	AF,	Visser	TJ,	et al. Expression of pituitary hormones in the 
Pax8-/-	mouse	model	of	congenital	hypothyroidism.	Endocrinology	2004;145:	1276–83.	[Medline]  [CrossRef]

	31.	 Zhu	X,	Gleiberman	AS,	Rosenfeld	MG.	Molecular	physiology	of	pituitary	development:	signaling	and	transcriptional	
networks. Physiol Rev 2007;87: 933–63. [Medline]  [CrossRef]

	32.	 Gustavsson	P,	Schoumans	J,	Staaf	J,	Jönsson	G,	Carlsson	F,	Kristoffersson	U,	et al.	Hemizygosity	for	chromosome	
2q14.2-q22.1	spanning	the	GLI2	and	PROC	genes	associated	with	growth	hormone	deficiency,	polydactyly,	deep	vein	
thrombosis and urogenital abnormalities. Clin Genet 2006;69: 441–3. [Medline]  [CrossRef]

	33.	 Kevelam	SH,	van	Harssel	JJ,	van	der	Zwaag	B,	Smeets	HJ,	Paulussen	AD,	Lichtenbelt	KD.	A	patient	with	a	mild	
holoprosencephaly	spectrum	phenotype	and	heterotaxy	and	a	1.3	Mb	deletion	encompassing	GLI2.	Am	J	Med	Genet	A	
2012;158A:	166–73.	[Medline]  [CrossRef]

	34.	 Solomon	BD,	Pineda-Alvarez	DE,	Gropman	AL,	Willis	MJ,	Hadley	DW,	Muenke	M.	High	intellectual	function	in	
individuals	with	mutation-positive	microform	holoprosencephaly.	Mol	Syndromol	2012;3:	140–2.	[Medline]  [CrossRef]

	35.	 Gregory	LC,	Gaston-Massuet	C,	Andoniadou	CL,	Carreno	G,	Webb	EA,	Kelberman	D,	et al.	The	role	of	the	sonic	hedgehog	
signalling	pathway	in	patients	with	midline	defects	and	congenital	hypopituitarism.	Clin	Endocrinol	(Oxf)	2015;82:	728–38.	
[Medline]  [CrossRef]

Clin Pediatr EndocrinolClin Pediatr Endocrinol

http://www.ncbi.nlm.nih.gov/pubmed/15718293?dopt=Abstract
http://dx.doi.org/10.1210/me.2004-0426
http://www.ncbi.nlm.nih.gov/pubmed/17468187?dopt=Abstract
http://dx.doi.org/10.1530/EJE-06-0709
http://www.ncbi.nlm.nih.gov/pubmed/20718765?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2265.2010.03851.x
http://www.ncbi.nlm.nih.gov/pubmed/21048839?dopt=Abstract
http://dx.doi.org/10.4061/2010/619013
http://www.ncbi.nlm.nih.gov/pubmed/21976720?dopt=Abstract
http://dx.doi.org/10.1210/jc.2011-1114
http://www.ncbi.nlm.nih.gov/pubmed/22898500?dopt=Abstract
http://dx.doi.org/10.1530/EJE-12-0410
http://www.ncbi.nlm.nih.gov/pubmed/23647375?dopt=Abstract
http://dx.doi.org/10.1089/thy.2012.0649
http://www.ncbi.nlm.nih.gov/pubmed/23308388?dopt=Abstract
http://dx.doi.org/10.1089/thy.2012.0141
http://www.ncbi.nlm.nih.gov/pubmed/26617871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/27373559?dopt=Abstract
http://dx.doi.org/10.1089/thy.2016.0016
http://www.ncbi.nlm.nih.gov/pubmed/27207603?dopt=Abstract
http://dx.doi.org/10.1159/000445891
http://www.ncbi.nlm.nih.gov/pubmed/30888984?dopt=Abstract
http://dx.doi.org/10.1097/CM9.0000000000000213
http://www.ncbi.nlm.nih.gov/pubmed/11598612?dopt=Abstract
http://dx.doi.org/10.1067/mpd.2001.117071
http://www.ncbi.nlm.nih.gov/pubmed/33088016?dopt=Abstract
http://dx.doi.org/10.1297/cpe.29.173
http://www.ncbi.nlm.nih.gov/pubmed/32841355?dopt=Abstract
http://dx.doi.org/10.1210/clinem/dgaa584
http://www.ncbi.nlm.nih.gov/pubmed/25484916?dopt=Abstract
http://dx.doi.org/10.1186/s13039-014-0085-4
http://www.ncbi.nlm.nih.gov/pubmed/31731040?dopt=Abstract
http://dx.doi.org/10.1016/j.ejmg.2019.103812
http://www.ncbi.nlm.nih.gov/pubmed/12201211?dopt=Abstract
http://dx.doi.org/10.1507/endocrj.49.293
http://www.ncbi.nlm.nih.gov/pubmed/26236398?dopt=Abstract
http://dx.doi.org/10.1186/s13039-015-0157-0
http://www.ncbi.nlm.nih.gov/pubmed/14617574?dopt=Abstract
http://dx.doi.org/10.1210/en.2003-1227
http://www.ncbi.nlm.nih.gov/pubmed/17615393?dopt=Abstract
http://dx.doi.org/10.1152/physrev.00006.2006
http://www.ncbi.nlm.nih.gov/pubmed/16650085?dopt=Abstract
http://dx.doi.org/10.1111/j.1399-0004.2006.00601.x
http://www.ncbi.nlm.nih.gov/pubmed/22106008?dopt=Abstract
http://dx.doi.org/10.1002/ajmg.a.34350
http://www.ncbi.nlm.nih.gov/pubmed/23112757?dopt=Abstract
http://dx.doi.org/10.1159/000341373
http://www.ncbi.nlm.nih.gov/pubmed/25327282?dopt=Abstract
http://dx.doi.org/10.1111/cen.12637


2q13q14.2 deletion and hypothyroidism

71

doi: 10.1297/cpe.32.2022-0061

	36.	 Goumy	C,	Gay-Bellile	M,	Salaun	G,	Kemeny	S,	Eymard-Pierre	E,	Biard	M,	et al.	A	novel	2q14.1q14.3	deletion	involving	
GLI2	and	RNU4ATAC	genes	associated	with	partial	corpus	callosum	agenesis	and	severe	intrauterine	growth	retardation.	
Birth	Defects	Res	A	Clin	Mol	Teratol	2016;106:	793–7.	[Medline]  [CrossRef]

	37.	 Kordaß	U,	Schröder	C,	Elbracht	M,	Soellner	L,	Eggermann	T.	A	familial	GLI2	deletion	(2q14.2)	not	associated	with	the	
holoprosencephaly	syndrome	phenotype.	Am	J	Med	Genet	A	2015;167A:	1121–4.	[Medline]  [CrossRef]

	38.	 Oikonomakis	V,	Kosma	K,	Mitrakos	A,	Sofocleous	C,	Pervanidou	P,	Syrmou	A,	et al. Recurrent copy number variations 
as risk factors for autism spectrum disorders: analysis of the clinical implications. Clin Genet 2016;89: 708–18. [Medline]  
[CrossRef]

	39.	 Elizabeth	MSM,	Verkerk	AJMH,	Hokken-Koelega	ACS,	Verlouw	JAM,	Argente	J,	Pfaeffle	R,	et al.	Unique	near-complete	
deletion	of	GLI2	in	a	patient	with	combined	pituitary	hormone	deficiency	and	post-axial	polydactyly.	Growth	Horm	IGF	
Res 2020;50: 35–41. [Medline]  [CrossRef]

	40.	 Elward	C,	Berg	J,	Oberlin	JM,	Rohena	L.	A	case	series	of	a	mother	and	two	daughters	with	a	GLI2 gene deletion demonstrating 
variable expressivity and incomplete penetrance. Clin Case Rep 2020;8: 2138–44. [Medline]  [CrossRef]

Clin Pediatr Endocrinol

http://www.ncbi.nlm.nih.gov/pubmed/27346851?dopt=Abstract
http://dx.doi.org/10.1002/bdra.23535
http://www.ncbi.nlm.nih.gov/pubmed/25820550?dopt=Abstract
http://dx.doi.org/10.1002/ajmg.a.36972
http://www.ncbi.nlm.nih.gov/pubmed/26777411?dopt=Abstract
http://dx.doi.org/10.1111/cge.12740
http://www.ncbi.nlm.nih.gov/pubmed/31862539?dopt=Abstract
http://dx.doi.org/10.1016/j.ghir.2019.10.002
http://www.ncbi.nlm.nih.gov/pubmed/33235745?dopt=Abstract
http://dx.doi.org/10.1002/ccr3.3085

